Ge nanocrystals ͑nc-Ge͒ embedded in the gate oxide of the nonvolatile memory structure were synthesized by Ge ion implantation followed by thermal annealing at 800°C for various durations. Large changes in the structural and chemical properties of the Ge + -implanted oxide have been observed, and they have been found to possess a significant impact on the charge transfer in the oxide layer. The distribution and concentration of the nc-Ge and dissolved Ge atoms which serve as both the charge storage and transfer sites in the oxide are affected by the annealing. Two charge transfer mechanisms, i.e., the lateral charge diffusion along the Ge-distributed layer and the charge leakage from the charge storage sites to the Si substrate via the charge transfer sites, have been identified based on the charge retention behaviors. Both mechanisms are enhanced by the annealing as a result of the change in the distribution and concentration of the charge transfer sites.
I. INTRODUCTION
Ge nanocrystal ͑nc-Ge͒ has attracted intensive attention during the last decade due to its potential applications in the next-generation nonvolatile memory ͑NVM͒ devices. [1] [2] [3] [4] [5] [6] [7] [8] By replacing the conventional floating gate with nanocrystals acting as discrete charge storage sites, the nanocrystal based NVM possesses better performance and has the potential to overcome the scaling limit of the conventional NVM devices. The nc-Ge based NVM device that can be programed at low voltages and high speeds has recently been demonstrated by King et al. 1 Many techniques have been employed for the nc-Ge synthesis, including the oxidation of Si 1−x Ge x , 1 sputtering, 2 chemical vapor deposition ͑CVD͒, 3, 4 pulsed laser deposition, 5 and ion implantation. [6] [7] [8] Although the charges are expected to remain in the charge storage sites for a long time, the loss of trapped charges from nc-Ge has been experimentally measured by different groups. [3] [4] [5] [6] Kanoun et al. 3 described the discharge behavior of CVD grown nc-Ge in terms of direct tunneling from nc-Ge to the Si substrate with a time-variable tunneling probability. In another study, Akca et al. 4 found that the discharge current is affected by the interface traps and the quantum well formed at the oxide/Si interface. However, the dependence of charge leakage/ transfer on the Ge distribution in the oxide has not been studied in detail. In this work, Ge ions were implanted into a SiO 2 thin film at very low energy ͑2 keV͒, followed by a high-temperature annealing. The advantages of ion implantation technique include well-controlled depth distribution of nc-Ge and full compatibility with mainstream Si-based technology. 9 The use of low-energy ion implantation, e.g., 2
keV, has an additional advantage of producing an orderly two-dimensional nanocrystal array. 10 However, it is known that the implanted Ge atoms can dissolve and diffuse in the SiO 2 matrix, 11 resulting in the presence of Ge atoms in the oxide between adjacent nc-Ge as well as in the tunnel oxide separating the nc-Ge and the Si substrate. This work aims to examine the effect of thermal annealing on the distribution of the nc-Ge and dissolved Ge atoms which serve as both charge storage and transfer sites in the oxide layer and to investigate the influence of the changes in the Ge distribution caused by the annealing on the charge transfer.
II. EXPERIMENTAL DETAILS
The fabrication began with the growth of an 11 nm SiO 2 thin film on the p-type ͑100͒ Si substrate with the resistivity of 9-12 ⍀ cm by dry oxidation at 850°C. Ge ions were then implanted into the thermal oxide at 2 keV with a dose of 3 ϫ 10 16 cm −2 . Based on the simulation of the stopping and range of ions in matter ͑SRIM͒, the Ge atoms are confined in the 11 nm thermal oxide with a concentration peak at ϳ6 nm away from the oxide/Si interface. Subsequently, about 30 nm SiO 2 was deposited on the Ge + -implanted oxide using the plasma-enhanced chemical vapor deposition technique with SiH 4 and N 2 O as precursor gases. To induce the formation of nc-Ge, high-temperature annealing at 800°C in N 2 ͑purity: 99.99%͒ ambient was performed with durations of 30, 60, and 100 min. An as-implanted sample without annealing was also prepared. Ge depth profiles in the oxide were revealed by the secondary ion mass spectroscopy ͑SIMS͒. The microstructure of the Ge + -implanted oxide was observed by the cross-sectional transmission electron microscope ͑TEM͒. In addition, the chemical structures of the Ge + -implanted oxide were analyzed by the x-ray photoemis-sion spectroscopy ͑XPS͒. The analysis of XPS data was performed using the XPS PEAK FITTING PROGRAMME version 4.1.
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For the charge transfer study, two metal-oxidesemiconductor ͑MOS͒ structures, i.e., nonisolated and isolated MOS structures, were fabricated. Figure 1͑a͒ shows the nonsolated MOS structure created by the deposition of an array of Al gate electrodes directly on the Ge + -implanted SiO 2 thin film. Each gate electrode is circular in shape with a diameter of 100 m and a thickness of 250 nm. The wafer backside was coated with a 250 nm Al layer as the backside contact. Since the Ge + implantation was carried out at the entire SiO 2 thin film, the oxide of the areas not covered by the gate electrodes also contains Ge. Thus, each MOS structure is not isolated from its surrounding nc-Ge and dissolved Ge atoms. It will be shown later that the charge transfer in the oxide of a nonisolated MOS structure is affected by its surrounding nc-Ge and dissolved Ge atoms. Figure 1͑b͒ shows the isolated MOS structure. The deposition of the Al gate electrodes and the Al backside contact is identical to that of the nonisolated MOS structure. However, the Ge + -implanted oxide which is not covered by the Al gate electrodes was purposely removed by an anisotropic dryetching step using CF 4 as the etchant. By doing this, each MOS structure is isolated from its surrounding Ge + -implanted oxide. All the MOS structures were characterized by a Keithley 4200 semiconductor characterization system at room temperature in a light-shielded environment.
III. RESULTS AND DISCUSSIONS
The depth profiles of Ge in SiO 2 for the as-implanted and annealed samples obtained from the SIMS measurement are shown in Fig. 2 . The Si depth profiles are also shown to identify the oxide/Si interface. As shown in Fig. 2͑a͒ , for the as-implanted sample, the Ge atoms approximately follow a Gaussian distribution with a peak concentration of 6.7 ϫ 10 22 cm −3 at ϳ33 nm away from the oxide surface. After the thermal annealing at 800°C, as shown in Fig. 2͑b͒ , two well-separated Ge concentration peaks can be clearly observed. The dominant Ge peak remains at the depth of ϳ33 nm, but its concentration drops to about half of the as-implanted value. Another Ge concentration peak is located beneath the oxide/Si interface with a lower concentration compared to the dominant peak. During the initial period of the annealing, the crystallization of nc-Ge occurs in the thermal oxide region with a high Ge concentration.
Meanwhile, some Ge atoms are dissolved in the oxide and behave as free diffusing monomers with high mobility in the oxide. 11 During the annealing, these dissolved Ge atoms can diffuse along the concentration gradient from the high concentration region to the Si substrate. Due to the presence of an oxide/Si interface, the diffused Ge atoms tend to accumulate and form another Ge concentration peak at the interface. 4, 11 Figure 2͑b͒ also demonstrates the effects of the annealing time on the Ge depth profile in the oxide. As the annealing time increases from 30 to 100 min, the concentration of the dominant Ge peak at ϳ33 nm reduces, while the concentration of the Ge peak beneath the oxide/Si interface increases. Besides, an important observation is that the Ge concentration in the tunnel oxide, i.e., the region between these two Ge concentration peaks, increases from 4.93ϫ 10 21 to 7.05ϫ 10 21 cm −3 . The evolution of the Ge profiles with the annealing time is due to the diffusion of dissolved Ge from the high Ge concentration region toward the Si substrate. For a longer annealing time, more Ge atoms diffuse toward the Si substrate and accumulate at the oxide/Si interface.
The existence of a layer of evenly distributed nc-Ge with an average size of ϳ6 nm is clearly observed in the TEM image shown in Fig. 3 . The location of this nc-Ge layer agrees with the position of the dominant Ge peak in the SIMS profile. The tunnel oxide thickness ͑i.e., the distance between the nc-Ge layer and Si substrate͒ and the control oxide thickness ͑i.e., the distance between the nc-Ge layer and the oxide surface͒ are ϳ5 and ϳ31 nm, respectively. Compared to the region of the pure oxide near the oxide surface, both the tunnel oxide and the oxide between two nearby nc-Ge show slightly darker contrast in the TEM image, suggesting the existence of dissolved Ge atoms in these oxide regions. Besides, a homogeneous layer with a thickness of ϳ3.5 nm is observed beneath the oxide/Si interface. Clearly, this layer corresponds to the Ge concentration peak near the oxide/Si interface observed in the SIMS profile. This layer should be a Si x Ge y layer because the accumulated Ge can react with the Si substrate and form the Si x Ge y alloy during the high-temperature annealing. 13 For the samples with different annealing times, their TEM images ͑not shown here͒ do not show much difference in the location and size of nc-Ge. This is because most of the nc-Ge had already been formed during the initial stage of annealing, and only those Ge atoms dissolved in the oxide contributed to the diffusion. The SIMS results shown in Fig. 2͑b͒ indicate that all the dominant peaks of the annealed samples have a similar full width at half maximum ͑FWHM͒. Thus, in this study, the control oxide thickness, tunnel oxide thickness, and the average size of nc-Ge are treated as constant for the samples with different annealing times.
XPS analysis of the Ge 3d core level was performed on the as-implanted and annealed samples to reveal their chemical composition of the Ge + -implanted SiO 2 thin films. The charging effect induced by the photoemission was corrected using the C 1s reference ͑284.5 eV͒. Prior to the XPS analysis, removal of the ϳ30 nm capping oxide was performed by in situ Ar ion sputtering to expose the Ge-rich region. Figure 4 shows the typical XPS spectra for the as-implanted sample and the sample annealed at 800°C for 30 min. For the as-implanted sample, as shown in Fig. 4͑a͒ , two peaks are observed, corresponding to the elemental Ge ͑29.3 eV͒ and Ge oxides ͑ϳ31-34 eV depending on the oxidation state͒.
14 On the other hand, for the annealed sample as shown in Fig. 4͑b͒ , the elemental Ge peak is dominant, while the peak for Ge oxides becomes smaller. Indeed, for all the samples with different annealing times, a dominant elemental Ge peak and a smaller shoulder peak for Ge oxides can be observed; however, the relative contribution of these two peaks varied with the annealing time. Gaussian peak deconvolution was performed for the XPS spectra to reveal the chemical composition for these samples. It is known that four oxidation states, i.e., Ge 1+ , Ge 2+ , Ge 3+ , and Ge 4+ , exist in oxidized Ge.
14 Since it was difficult to individually resolve all the oxidation states in the XPS spectra due to the small peak separations ͑ϳ0.85 eV in average͒ between two oxidation states, 14 the Ge suboxide peaks ͑oxidation states of Ge 1+ , Ge 2+ , and Ge 3+ ͒ were represented with a single Gaussian peak during the fitting. The peak deconvolution for the Ge 3d core level based on the three Gaussian peaks of elemental Ge, Ge suboxides, and stoichiometric GeO 2 is also shown in Fig. 4 . In the curve fitting, the contribution of the background was approximated by the Shirley method, and the O 2s peak which is mainly contributed by the SiO 2 was fitted with a single Gaussian peak. The FWHM and the binding energy for each peak were not fixed, while the spin splitting for the Ge 3d peaks was fixed at 0.6 eV. For all the samples, the XPS Ge 3d core level was well fitted with the three Gaussian peaks.
Based on the Gaussian peak fitting of the Ge 3d core level, the atomic percentages of the elemental Ge, Ge suboxides, and stoichiometric Ge oxide can be obtained from the area ratios of each peak to the overall spectrum. As shown in Fig. 5 , for the as-implanted sample ͑i.e., anneal time= 0͒, the percentages of the elemental Ge, Ge suboxides, and GeO 2 are ϳ50%, ϳ35%, and ϳ15%, respectively. After the high-temperature annealing, the percentage of the elemental Ge increases to ϳ60% -70% while the percentage of Ge suboxides drops to ϳ10% -20% depending on the annealing time. As the annealing time increases, the percentage of Ge suboxides decreases while the percentage of elemental Ge increases. For all the samples, the percentage of stoichiometric Ge oxide ͑GeO 2 ͒ does not significantly change with the annealing.
The results shown in Fig. 5 are explained as follows. During the implantation of Ge ions into the SiO 2 thin film, many Si-O bonds in the implanted region are broken into Si and O atoms by the Ge ions. Some of the O atoms may react with the implanted Ge ions, forming the Ge oxides ͑includ-ing the Ge suboxides and GeO 2 ͒. Zhang et al. 15 confirmed the formation of Ge oxides in the as-implanted sample by the infrared transmission measurement. Besides, those Ge ions which are not bonded to any O atoms exist in the SiO 2 as supersaturated impurities. As a result, the Ge-implanted region in the as-implanted sample contains the elemental Ge, Ge suboxides, and GeO 2 . When the sample is subjected to a high-temperature annealing at 800°C, two processes happen simultaneously: one is the nucleation of the Ge atoms into nc-Ge, 11 and the other is the decomposition of the thermally unstable Ge suboxides into Ge atoms and O atoms. 15 The Ge atoms produced from the decomposition could either form small nc-Ge or diffuse in the oxide during the annealing. For a longer annealing time, more Ge suboxides are decomposed, leading to more elemental Ge. This explains the reduction in the percentage of Ge suboxides and the increase in the percentage of elemental Ge with the annealing time. The percentage of stoichiometric GeO 2 does not significantly change during the annealing process because it is known that GeO 2 is thermally stable up to 1170°C. 14 Charge storage in nc-Ge can be characterized by hysteresis capacitance-voltage ͑C-V͒ measurements in which the device is biased from accumulation to inversion and then back to accumulation. 6 The hysteresis in C-V characteristic is due to the flatband voltage shift ͑⌬V FB ͒ as a result of charging/discharging in the nanocrystals caused by the bias voltage during the C-V cycles. However, the hysteresis method is not suitable in determining the amount of trapped charges induced by a specific charging operation. In the present work, to study the charge transfer behaviors, a specific charging operation was performed by applying a constant charging voltage ͑V charge ͒ to the gate electrode of the MOS structure for 1 s while the backside contact was grounded. The high-frequency ͑1 MHz͒ C-V characteristics before and after the charging operation were measured, and ⌬V FB was determined as the amount of parallel voltage shift in the C-V curves. The voltage range of the C-V measurement should be small to avoid any charging/discharging caused by the measurement itself. Such approach has been frequently used to study the charge storage in nanocrystals. 3, 7, 8 Figure 6 shows the typical high-frequency C-V characteristics of the nonisolated MOS structure with the Ge + -implanted SiO 2 thin film annealed at 800°C for 30 min. The positive ⌬V FB indicates the trapping of electrons in the nanocrystals. 8, 16 For V charge of 10 and 18 V, the ⌬V FB are 0.7 and 2.1 V, respectively. The ⌬V FB is related to the trapped electron density ͑Q nc-Ge ͒ in nc-Ge by 16 ⌬V
where SiO 2 and Ge are the permittivity of the SiO 2 and Ge, respectively, t C is the control oxide thickness between the gate electrode and the nc-Ge layer, and d nc-Ge is the size of nc-Ge. As discussed previously, the t C and d nc-Ge are constants for all the samples with different annealing times; thus the Q nc-Ge for each sample can be calculated based on the ⌬V FB . For example, using t C = 31 nm and d nc-Ge = 6 nm, the Q nc-Ge for the above-mentioned structure are 7.6ϫ 10 −8 and 2.3ϫ 10 −7 C / cm 2 for V charge = 10 and 18 V, respectively. Figure 7 shows the Q nc-Ge as a function of the magnitude of V charge for both the nonisolated and isolated MOS structures with the Ge + -implanted SiO 2 thin film annealed for various durations. As the magnitude of V charge increases, the Q nc-Ge also increases due to the enhanced electron injection with a higher electric field across the nc-Ge embedded oxide. As shown in Fig. 7͑a͒ , no much difference in the charge trapping behaviors can be observed among the nonisolated MOS structures with different annealing times. Similar situation is also observed for the isolated MOS structures, as shown in Fig. 7͑b͒ . The result indicates that a longer annealing time does not cause a large change in the density of the trapping sites ͑i.e., nc-Ge͒. As discussed earlier, during the annealing, only those dissolved Ge atoms contribute to the redistribution of Ge in the oxide; thus the density and location of the nc-Ge are not significantly changed by the diffusion of Ge and the decomposition of Ge suboxides. Therefore, the charge trapping is not largely affected by the annealing. Furthermore, because the nc-Ge embedded oxide under the Al gate remains the same after the isolation step, the nonisolated and isolated MOS structures have a similar charge trapping behavior. The charge transfer behaviors are examined based on the charge retention measurements. In the charge retention measurements, each MOS structure was charged to an identical amount of initial Q nc-Ge ; the change in Q nc-Ge with the waiting time is monitored. The gate electrode and backside contact were grounded during the waiting period between two consecutive C-V measurements. The results for both nonisolated and isolated MOS structures are shown in Fig. 8 . The relationship between Q nc-Ge and the waiting time is different between the nonisolated and isolated samples. For the nonisolated MOS structures, as shown in Fig. 8͑a͒ , the decay curves of Q nc-Ge exhibit two distinct regions, including a faster initial decay over the first 100 s and a relatively slower logarithmic decay after the first 100 s. For example, for the sample annealed for 30 min, the drop of Q nc-Ge is ϳ19% during the first 100 s, and then follows a logarithmic decrease. The overall charge loss after 5 ϫ 10 4 s for the nonisolated 30 min sample is ϳ43%. On the other hand, as shown in Fig. 8͑b͒ , the isolated MOS structures exhibit only a continuous logarithmic decay over the entire waiting period. Since there is no fast initial decay component, the isolated MOS structure has less charge loss than the nonisolated one. For example, for the isolated 30 min sample, the overall charge loss after 5 ϫ 10 4 s is only ϳ18%. The following two charge transfer mechanisms could be responsible for the charge loss in the nonisolated MOS structures. The first mechanism is the leakage of trapped charges from the nc-Ge to the Si substrate across the 5 nm tunnel oxide. 17, 18 Such mechanism usually leads to a logarithmic decay of trapped charges with time. 17 As shown in Fig. 2͑b͒ , the tunnel oxide contains dissolved Ge atoms. These dissolved Ge atoms act as charge transfer sites and contribute to the charge transfer from the nc-Ge to the Si substrate. The second mechanism is the lateral charge diffusion along the nc-Ge-distributed layer, as pointed out by Kim. 5 In the Ge + -implanted oxide, since the oxide separating nc-Ge contains dissolved Ge atoms, charge transfer could easily happen between adjacent nc-Ge via the charge transfer sites, leading to the lateral charge diffusion along the nc-Gedistributed layer. Since the Ge + -implanted oxide in one MOS structure is not isolated from its surrounding nc-Ge, the existence of the lateral charge diffusion effectively causes the extension of charge distribution from one charged MOS structure to its surrounding uncharged nc-Ge outside the MOS structure. On the other hand, in the isolated MOS structures, the lateral charge diffusion does not exist because the Ge + -implanted oxide outside the MOS structure has been purposely removed. Thus, the only possible charge transfer mechanism is the leakage of trapped charges to the Si substrate across the tunnel oxide.
With the aforementioned charge leakage mechanisms, the charge retention behaviors for the nonisolated and isolated MOS structures, as observed in Fig. 8 , can be understood. For the nonisolated MOS structures, the decay of Q nc-Ge is caused by both the lateral charge diffusion along the nc-Ge layer and the leakage of trapped charges from nc-Ge to the Si substrate. The initial fast decay component can be attributed to the lateral charge diffusion because it is not observed in the case of the isolated MOS structures. The result also suggests that during the initial stage ͑within ϳ100 s͒, the lateral charge diffusion is faster than the leakage of trapped electrons to the Si substrate. This is because the amount of dissolved Ge atoms acting as the charge transfer sites between nc-Ge in the Ge + -implanted oxide is higher than that in the tunnel oxide, resulting in faster charge diffu- sion along the continuous Ge + -implanted oxide layer. During the charge diffusion process, the charges move from the nc-Ge in the charged MOS structure to the surrounding uncharged nc-Ge, resulting in more electrons in those surrounding uncharged nc-Ge and fewer electrons in those initially charged nc-Ge. Thus, the charge diffusion process will slow down. After the initial fast charge transfer through the lateral charge diffusion, the leakage of charges to the Si substrate across the tunnel oxide plays a major role during the longterm charge retention. This explains the logarithmic dependence of Q nc-Ge on the waiting time in the charge decay curve for the nonisolated MOS structure after 100 s. For the isolated MOS structures, due to the removal of the lateral charge diffusion channel, the charge retention is significantly improved. The logarithmic dependence of Q nc-Ge over the entire waiting period suggests that the charge loss in the isolated MOS structure is only due to the leakage of charges to the Si substrate across the tunnel oxide.
The effect of annealing time on the charge transfer in the Ge + -implanted oxide is also shown in Fig. 8 . For the nonisolated MOS structures shown in Fig. 8͑a͒ , the charge leakage within the initial 100 s is faster for a longer annealing time. Since the initial fast decay component is mainly due to the lateral charge diffusion as discussed above, the result indicates that the lateral charge diffusion becomes faster for a longer annealing time. This can be explained by the XPS results shown in Fig. 5 which indicates the existence of elemental Ge, Ge suboxides, and stoichiometric GeO 2 in the Ge + -implanted oxide. The elemental Ge component includes both the nc-Ge and the dissolved Ge in the oxide. Since the nc-Ge are almost uniformly distributed in one single layer, as revealed by the TEM image, the dissolved elemental Ge and oxidized Ge are likely to be found in the regions between adjacent nc-Ge. While the elemental Ge atoms dissolved in the oxide can act as charge transfer sites for the lateral charge diffusion between two adjacent nanocrystals, the Ge suboxides and GeO 2 are resistant to the charge transfer. Thus, the lateral charge diffusion between adjacent nc-Ge is limited by the effective distance between elemental Ge atoms acting as the charge transfer sites. Figure 9 illustrates the charge transfer for two situations, i.e., short and long annealing times. For a short annealing time, as shown in Fig. 9͑a͒ , lateral charge diffusion occurs between two adjacent nc-Ge with the assistance of those dissolved Ge atoms acting as the charge transfer sites. Due to the existence of oxidized Ge, the separation of charge transfer sites is large; thus the lateral charge diffusion is not easy to happen. As the annealing time increases, more Ge suboxides are decomposed into elemental Ge in the region of nc-Ge embedded oxide, resulting in a smaller effective distance between two charge transfer sites in the regions between adjacent nc-Ge, as shown in Fig. 9͑b͒ . Thus, the lateral charge diffusion becomes easier to happen when the annealing time increases.
The annealing time also affects the leakage of the trapped electrons to the Si substrate. As shown in Fig. 8͑a͒ , for the nonisolated MOS structures, the logarithmic drop in the density of trapped charges after the 100 s of waiting time shows slopes of approximately −8.9ϫ 10 −9 , −1.09ϫ 10 −8 , and −1.30ϫ 10 −8 C / cm 2 per ten times increase in the waiting time for annealing times of 30, 60, and 100 min, respectively. The result indicates that after the initial 100 s, the dominant charge transfer mechanism, i.e., the leakage of the trapped electrons to the Si substrate, is also enhanced for a longer annealing time. The effect of annealing time on the leakage of the trapped electrons to Si substrate can also be clearly observed in the isolated MOS structures without the lateral charge diffusion. As shown in Fig. 8͑b͒ , the drop in the density of trapped charges becomes faster as the annealing time increases from 30 to 100 min. Since the leakage of the trapped electrons to the Si substrate is the only charge transfer mechanism in the isolated MOS structures, the result confirms that the leakage of the trapped electrons across the tunnel oxide becomes faster when the annealing time increases. The results can be correlated with the SIMS analysis. As shown in Fig. 2͑b͒ , for a longer annealing time, the Ge concentration in the tunnel oxide region increases. Since the major Ge content in the tunnel oxide is from the dissolved Ge atoms, the result indicates that more charge transfer sites are present in the tunnel oxide when the annealing time increases. As shown in Fig. 9͑b͒ , the leakage of the trapped electrons from the nc-Ge to the Si substrate becomes easier to happen when the amount of charge transfer sites ͑i.e., the dissolved Ge atoms͒ in the tunnel oxide increases. This explains the faster charge leakage from nc-Ge to the Si substrate, as observed in Fig. 8 .
IV. SUMMARY
Ge ions with a dose of 3 ϫ 10 16 cm −2 were implanted into the 11 nm SiO 2 thin film at the energy of 2 keV, followed by the deposition of 30 nm SiO 2 . High-temperature annealing at 800°C was carried out for various durations. The diffusion of Ge atoms toward the Si substrate and the decomposition of Ge suboxides into elemental Ge during the annealing have been observed. The structural changes have been found to have a significant impact on the charge transfer in the oxide layer. The distribution and concentration of the charge transfer sites are changed by the annealing. Two charge transfer mechanisms, i.e., the lateral charge diffusion along the Ge-distributed layer and the charge leakage from the charge storage sites to the Si substrate via the charge transfer sites, have been identified based on the charge retention behaviors. Both mechanisms are enhanced by the annealing as a result of the increase in the amount of the charge transfer sites. The lateral charge diffusion is enhanced by the annealing because of the reduced distance between charge transfer sites. Besides, the leakage of the trapped electrons to the Si substrate is also enhanced by the annealing because of the increase in the amount of the charge transfer sites.
